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Rotation of polarization plane of light in gas placed in 
electric field is considered. Different factors causing this phe- 
nomenon are investigated. Angle of polarization plane rota- 
tion for transition 6S1/2 - > 7Si/2 in cesium (A = 539nm) is 
estimated. The possibility to observe this effect experimen- 
tally is discussed. 
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I. INTRODUCTION 

Violation of time reversal symmetry was observed in 
Kq meson and Bo meson decay || and remains one 
of the greatest unsolved problems in the elementary par- 
ticle physics. A lot of attempts have been undertaken 
to observe time-reversal violating phenomena in different 
processes experimentally. However, those experiments 
have not been successful. Among them there are, for ex- 
ample, measurements of electric dipole moment (EDM) 
of neutrons Q , atoms and molecules j5|-|7| ■ No EDM was 
found but these experiments impose strong restrictions 
on the theory. At EDM of heavy atoms search, in partic- 
ular, tight limits for parameters of electron-nucleon P-, 
T- violating interactions and value of electron EDM || 
are set. 

It is well known that essential progress in measure- 
ments of P-odd interaction constants was achieved at 
study of the optical activity of atomic gases. High pre- 
cision of optical measurements allow us to expect that 
investigation of time reversal invariance in photon inter- 
actions with atoms will provide new limits for constants 
of T-noninvariant weak interaction. 

As it was shown in pd|-p^] T noninvariant interactions 
induce several new optical phenomena. They are: T non- 
invariant rotation of polarization plane of light in electric 
field, T noninvariant birefringence and T noninvariant 
rotation of light polarization plane in diffraction grating 
with non-centrosymmetrical elementary cell. 

To observe the rotation of polarization plane of light 
in electric field experiments |T^,|ll| are under preparation 
now. Therefore, it is important to attract attention to 



the fact that two effects can contribute to T-noninvariant 
rotation of polarization plane of light. They are: 

1. Light polarization plane rotation caused by the 
pseudo-Zeeman splitting of atomic levels in atoms 
with nonzero EDM in electric field M BT 



2. Light polarization plane rotation due to interfer- 
ence of P- , T - odd and Stark-induced transition 
amplitudes |0-pj[. 

The present paper is organized as follows. In Sec. II 
the general theory describing PT noninvariant rotation 
of polarization plane of light in atomic gas is examined. 
Polarization plane rotation caused by interference of P- 
, T- odd and Stark-induced transitions is considered in 
details in Sec. III. Polarization plane rotation caused by 
nonzero atomic EDM is considered in Sec. IV. Estimates 
of effects magnitude for different kinds of transitions are 
given in Sec. V. Sec. VI examines possible sources of 
P-, T- violating interactions in atom and Sec VII gives 
estimates of angle of P-, T- odd polarization plane rota- 
tion for 6S1/2 — * 75*1/2 transition in cesium. Section VIII 
briefly discusses possibilities to observe this phenomenon 
experimentally and summarizes general conclusions. 



II. PT - ODD ROTATION OF POLARIZATION 
PLANE OF LIGHT 

To illustrate the mechanism of polarization plane ro- 
tation due to interference of PT - odd and Stark-induced 
transition amplitudes we consider a simple model at first. 
Let us take an atom in the s\/2 state and place it to an 
electric field. Taking into account the admixture of the 
nearest P1/2 state due to P- and T - odd interactions and 
interaction with electric field one can represent the wave 
function of an atom in the form: 
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S1/2) = -j=(Ro(r) - Ri(r)(an)r) 



(1) 



-Ri(r)(fffi){aS)S)\xi/2) 
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Here a are the Pauli matrices, n = f/r is the unit vector 
along r, E is the electric field strength, R and R\ are 
radial parts of Si/ 2 and wave functions respectively, 
IX1/2) is the spin part of wave function, 77 and S are the 
mixing coefficients describing P and T noninvariant in- 
teractions and electric field respectively, E is the electric 
field strength. 
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Interference of Stark and PT - odd terms changes elec- 
tron spin direction as follows: 

As -(r) = ^Rl(r){xi /2 \(an)a(afi)(aE) 



+ ((fE)(an)a(an)\xi/ 2 ) 
7lSR ^ r) Ufi(nE)-2E 



(2) 



Vector field 4n(nE) — 2E is shown in Fig. 1. Since As 
does not depend on initial direction of atomic spin, this 
spin structure appears even in nonpolarized atom. Spin 
vector averaged over spatial variables differs from zero 
and is directed along E. Photons with angular moment 
parallel and antiparallel to E differently interact with 
such gas. It causes rotation of polarization plane of pho- 
tons. 

Let us also note that according to |Tj| magnetization 
of gas in electric field induces magnetic field H in d{E). 
This magnetic field interacts with magnetic moment of 
an atom giving additional contribution to rotation of po- 
larization plane of light |l2| . 

The refraction index of gas is given by 



n= 1 



2ttN 



/(0) 



(3) 



where N is the number of atoms per cm 3 , k is the pho- 
ton wave number, /(0) = fik&* e-k is the amplitude of 
elastic coherent forward scattering of photons by atoms. 
Here e and e* are the polarization vectors of initial and 
scattered photons respectively. Repeated indices imply 
summation. In dipole approximation 



f ik = L0 2 a ik /c 2 



(4) 



where an, is the tensor of dynamical polarizability of an 
atom, Lo is the frequency of incident light. According to 
PIP^I the amplitude of light scattering by nonpolarized 
atomic gas in electric field is expressed by 



where n + and n_ are the refraction indices for left and 
right circularly polarized photons. Vectors e+ and e_ 
describe left and right circularly polarized photons re- 
spectively, e± — =F(e*x ± ie y )/\/2. Using (||) and (||) we 
can express polarization plane rotation as follows 



2ttNlo 



(Pi 



(7) 



Term proportional to j3f describes the well known phe- 
nomenon of P-odd but T-even rotation of polarization 
plane of light. Term proportional to j3g T corresponds to 
P- and T- noninvariant light polarization plane rotation 
about the direction of electric field |l4| ]. 

In contrast to P-odd, T-even rotation the reversion 
of electric field direction changes the sign of P-, T-odd 
rotation of light polarization plane. This allows to dis- 
tinguish P-, T-odd effects from the other possible effects 
of polarization plane rotation. 

According to | TTJ 1^] tensor of dynamical polarizability 
of an atom (molecule) in the ground state \g n ) has the 
form 



(9n\di 



i\dk\9v 



Eem gn 



(g n \dk\e m ) 



tluJ 

e m \di\g n ) \ 



TlUJ 



(8) 



where \g n ) and |e m ) are the wave functions of an atom in 
the ground and excited states perturbed by electric field 
and P-, T- noninvariant interactions, d is the operator of 
dipole transition, E em and E gn are the energies of atom 
states \g n ) and |e m ), respectively. 

In general case atoms arc distributed over the magnetic 
sub- levels of ground state g n with the probability P{n). 
Therefore a\ should be averaged over all states n. As a 
result, the polarizability can be written as 



(9) 



fik = /, 



ev 
ik 



l ■ nP ■ n PT 



In the present paper we discuss the nonpolarized atomic 
gas. In this case P(n) = l/(2j g + 1) where j g is the total 
tikinEi + PsE^Pi ' n>E)6ik) (5) moment of atom in the ground state g. 

Tensor a.^ can be decomposed into irreducible parts 



Here ff£ is the P- and T- invariant part of scattering as 



amplitude, (3f 
polarizability 



the P-odd but T-even scalar atomic 
[ip T is the P- and T- odd scalar po- 



larizability of an atom ]ll[ , (3j E is the P-even but T- odd 
atomic polarizability IlTj], n 1 = k/k is the unit vector 
along the direction of photon propagation, He = E/E is 
the unit vector along the direction of electric field, Cyft is 
the third-rank antisymmetric tensor. 

Angle of rotation of polarization plane is 



— fcRe(n + — nJ)l 



(0) 



OLik = a S lk + a s ik + 



l ik- 



(10) 



Here a = | J2i a u 1S tne scalar, a\ k = \(a % k + aki) 
aoSik is the symmetric tensor of rank two, a° t = \{a.i]~ 
a^) is the antisymmetric tensor of rank two: 



Hk 



(2jg + l)h ^ 

I (g n \di\e m ) (e T 



(11) 



\dk\g n ) - {g n \dk\e r , 



\di\g n 
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where Lo em , g n = (E em - E gn )/%. 

If atoms are nonpolarized then in the absence of P- 
and T-odd interactions the antisymmetric part of polar- 
izability is equal to zero. Therefore comparison of (|^) 
and (^) yields 



where w. 



itikl (/3; 



3 n 7 ; + f3z T n E i). 



(12) 



According to |12| , |14| , |15| correct consideration of P-odd 
but T-even interactions requires to take into account 
both El and Ml transition amplitudes. If only El tran- 
sition operators are considered in (|J) the P- odd but T- 
even polarizability fif becomes equal to zero. 

Evaluation of expression (jl|) for left (or right) cir- 
cular polarization of incident light at Ue \\ n~ yields 



a *(±) (±) 



= =F/3|; T - As a result we can represent P-, 



T-odd scalar polarizability of an atom as follows: 

(g n \d-\e m ) (e m \d + \g n ) 



d P E T 



(2j g + i)h 
(gn\d+\ \d-\g n 

UJ 2 ~ UJ 

em,gn 



UJ — UJ 

ern,gn 



(13) 



where d± = ^{d x ± id y )/\/2. 

For further analysis more detailed expressions for wave 
functions of an atom are necessary. Since constants of P- 
, T- noninvariant interactions are very small we can use 
perturbation theory. Let \g) and |e) be the wave func- 
tions of ground and excited states of atom (molecule) in 
electric field E in the absence of P-, T- odd interactions. 
Switch on P-, T- noninvariant interaction [Ht ^ 0). Ac- 
cording to the perturbation theory the wave functions \g) 
and |e) take the form 



n 

2>« 



\H 7 



Eg — E n 

(n\H T \e) 



E n 



(14) 



where Ht is Hamiltonian of P-, T- noninvariant interac- 
tions. 

It should be reminded that denominator of ( |l3| ) con- 
tains shifts caused both by interaction of electric dipole 
moment of an atom with electric field E and magnetic 
moment of an atom with T-odd induced magnetic field 
Hind(E) |jl3l| . If Ht is small, one can represent total 
polarizability (3^ T as the sum of two terms 



Here 



ft, 



ftmix H~ $ split' 



(g n \d- 



(15) 



~"m/ y^m 



d+\g n ) 



(2j g + i)h 
(gn\d+\ \d-\g> 

UJ— - — UJ 2 

em,gn 



(16) 



does not include P-, T-noninvariant shift 



of atomic levels, and 



Psplit 



(2; 



lm^' 



(g n \d- 



(e m \d+\g n ) 



n,m V. 

(gJ d +\e m ) (e m |d_|ff„ 
w 2 — w 2 

em,gn 



(17) 



U em ,gn = {E em (E) — E gn {E))/h 

where energy levels E e ^ m (E) and E giTl (E) contain shifts 
caused by interaction of electric dipole moment of an 
atom with electric field Tv and magnetic moment of an 
atom with T-odd induced magnetic field J} inc i(l^). 

Below we consider small detuning of radiation fre- 
quency from resonance frequency of atomic transition. 
Therefore (Era) and (17) can be written as follows 



' ^Jg + 1) g { 



ftspli 



2h(2j g + 1) 



(g n \d-\e m ) (e m \d + 


\g n ) 


,~gn 




(g n \d + \e m ) {e m \d- 


\gn) 






(g n \d-\e m ) (e m \d-t 


\~g~n) 


^ern,gn Us 




(g n \d+\e m ) (e m \d- 


\g n ) 





(18) 



(19) 



III. INTERFERENCE OF PT - ODD AND STARK 
INDUCED AMPLITUDES 

In this section we consider effects associated with (3 mix . 
Rotation associated with (3 S plit is studied in Section IV. 

Let us assume that electric field is small enough. For 
atoms in the ground state the energy of Stark interactions 
is usually less than the difference of energies of levels 
mixed by electric field. In this case we can use first order 
of perturbation theory. Perturbed states \g) and |e) have 
the form 



Is) 



|S) = 



\9) +E 

n 

+E 

-E 

n 

-Ei 



(n\H T \ 9 ) 

Eg — E n 

(m[ - dE\g) 

Eg — E m 

(n\H T \e) 



E e — E n 
^ (mj - dE\e) 

E P _ — E m 



(20) 
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Here Ht is the Hamiltonian of P-, T- noninvariant in- 
teractions, \g) and |e) are the unperturbed ground and 
excited states of an atom, E is the external electric field. 
We assume that electric field is directed along z axis. 
Using (EOT) we can rewrite (5 m ix as follows: 



fornix — 



1 



h(2j g + l) 



Re 



E 



{g\d p + T \e){e\d^\g)-{g\d p _ T \e){e\df\g) 



where 



<5i4 T | e ) = E 



(g\H T \m) (m\d±\e) (g\d±\m) (m\H T \e 



E m — E„ 



E rn . E r 



and 



{gldP^e) = A ik eiE k , 



(22) 



(23) 



We assume here that electric field E is parallel to the 
direction of light propagation and use the expression 
(E®e±)\. = Ej\[2. Due to orthogonality of 3j-symbols 
only terms proportional to the vector part of transition 
polarizability remains in ( p7| ) after summation over mag- 
netic sub-levels. 

Equations ([2?]) and ([?]) give the angle of polarization 
plane rotation without considering of the Doppler broad- 
ening in gas. Because of Doppler shift the resonance fre- 
(21quency of transition for a single atom depends on atom 
velocity. In order to obtain expression for angle of polar- 
ization plane rotation in this case we should average ( [27] ) 
over Maxwell distribution of atom velocity. 
^ If nucleus has a nonzero spin we should take into ac- 
- count the hyperfine structure. After routine calculations 
the angle of P- ,T-odd rotation of polarization plane can 
be expressed as: 



is the Stark-induced amplitude of transition between 
states g and e in the constant electric field E, e is the 
polarization vector of photon. 



A; 



E 



(g\d k \n) (n\di\e) (g\di\n) (n\d k \e) 



E n — E„ 



E n — E e 



(24) 



Representation of the second-rank tensors and etEk 
in terms of their irreducible spherical components yields 



(e\^e\g) = ]T(-1) 9+ "' A,,,,£L,e_, 



</■</ 



= J2(-l) Q ^Q(E®e) K Q , 

K,Q 



(25) 



where subscripts q and q' refer to the spherical vector 
components, Ag and (E <g) e)^Q are the components of 
irreducible spherical tensors. 

Using Wigner - Ekhard theorem we can represent Aq 
as follows: 



A 



A" 



(-1) 



j e -m e 



Je 



A 1 



(26) 



Reduced matrix elements A^ (K = 0,1,2) are propor- 
tional to the scalar, vector and tensor transition polar- 
izability respectively. Substituting (p5|), (p6|) into (21), 



representing the matrix element of PT - odd El transi- 
tion ( p^ ) in terms of reduced matrix element (e| |d PT | |g) 
and performing summation over m gi m e one obtains the 
following expression for (3 m i X 



Re^Hd^H^A^ 



3h(2j g + 1) V2(c^ m ,g n - lo) 



(27) 



UJ 



AttNfI—— — g(u, v) 



1 



Tic&d ' '3(2F fl + l) 
Re((g\\d PT \\e)AiE-L). 



-K* 



(28) 



For completeness we give here the expression for absorp- 
tion length of light in atomic gas [R~5| 



L = AttN, 



-f{u,v); 



1 



-K 2 



he Ad ' 3(2F 9 + 1)' 
x|(.9P||e)| 2 (29) 

Here F g , F e are the total angular moments of an atom in 
ground and exited states respectively, j g and j e are the 
total electron moments in these states, i is the nuclear 
spin. 



N- 



2F n 



1 



(2i+l)(2 Jg + l) 
is the density of atoms with total moment F g , 



K 2 = (2F s + l)(2F e + l) 



i Jg F a 

1 F e Je 



A D = iv y / 2kT/Mc 2 is the Doppler line width, 



g(u,v) 




(!-*(-»«>)), (30) 



where w — u+iv, <f>(z) = -j= Jq dte * , u = (lu—luq)/Ad, 

v = T/2Ad, r is the recoil line width, (g||A||e) is the re- 
duced matrix element of dipole transition between states 
|e) and \g). 



IV. ROTATION OF POLARIZATION PLANE 
DUE TO ATOMIC EDM 

Presence of EDM in ground or excited state of atom 
also causes rotation of polarization plane of light. We can 
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derive the expression for the angle of polarization plane 
rotation performing the calculations similar to those de- 
scribed in Sec. Ill, but using (3 sp iit instead of (i m ix- But 
in this case the calculations can be appreciably simpli- 
fied if we note that P- 1 T- noninvariant rotation caused 
by atomic EDM is similar to Faraday rotation of pho- 
ton polarization plane in a weak magnetic field. Indeed, 



according to p5 18 a weak magnetic field affects the re- 
fractive index of atomic gas in two ways: through the 
change of the magnetic sub-levels energies and through 
the mixing of hyperfine states. 

If we consider only terms proportional to the magnetic 
field strength H and neglect the terms of higher orders 
then the level shift is |18j : 

AEi = -H(i\fi z \i) 

The magnetic field H mixes states of the same F z but 
different F, so the state |j) becomes 



|fc)(fc|M*|j) 



If atom has an EDM then electric field similarly affects 
the refraction index (see (0)) and leads to atomic levels 
shift: 

AE, = -E(i\d z \i) 

It also mixes the hyperfine states of atom with the same 
F z but different F 

As a result we can use the expression for rotation of po- 
larization plane of light in a weak magnetic field [ p|[l8| 
for calculations of effect of polarization plane rotation 
in electric field. For this we must substitute H — > E, 
fig — > d g , /J-e —* d e where d e , d g are EDM of atom in 
ground and excited states, \ii is the magnetic moment of 
state i. 

If we neglect quadrupolc transition amplitudes (it is 
possible for example for 6S1/2 — > 7S%/2 transition in ce- 
sium) , then the angle of polarization plane rotation has 
the form 



2itNl lu E z 

(2i + l)(2j fl + l) A D hc HA D 



(9\\A\\e) 



x(^^+2 5(u ,,) 7l ). (31) 
The expressions for parameters 71 and S\ are given below 
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and 



7i = 



_ (2F g + l)(2F e + l) ( iy f j j g F, 



V6 



1 F e j 

i 



\[d e (-iy° +F °, 



'(j e + l)(2j e + l) 



Je 



A hf (F e ,F e -l) 
A D 



<? F °-v ; F 9 -i 



3 9 F 9 



+ A hf (F e ,F e + l) {2Fe + 3) \l F e + l L 

- (je <-» jg, F e <"» F g ,d e <-> rfg , ^ ] 



« Je F e 

1 F e -1 ie 

1 Fe + l Je 



1 F e -1 

F g 1 
1 F e + l 



ft = M±l)gfk±l) (-1) J ; £ J | [rf e (_l)^+F s / (if + 1 ) ( 2 /, + 1 ) 



V6 

(2Fe + l){j 



Je 



Je ^e 
Fe Je 



1 1 F P 



Je <-» i 9 , -F e <-» F g , d e <-> d 9 , ^ ] 
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Here Ahf is the hyperfine level splitting. First term 
in ([|l|) arises from the level splitting in electric held. It 
describes effect similar to Macaluso - Corbino rotation of 
photon polarization plane in magnetic field. Second term 
is caused by mixing of hyperfine levels with the different 
total moment F but the same F z in electric field. It 
describes the T noninvariant analog of polarization plane 
rotation due to Van-Vleck mechanism. 



V. ESTIMATES 

Let us compare the angle of P— ,T-odd polarization 
plane rotation for different kinds of transitions. Angle 
of rotation of polarization plane per absorption length 
due to interference of P— , T-odd and Stark - induced 
transition amplitudes according to (pi) is expressed by 



, (T ,_ g(u,v)Re(g\\d PT \\e)A 1 E 
^ Labs) ~ f(u,v) V2\(9\\A\\e)\* 



(32) 



If detuning A ~ Ad then g ~ / ~ 1. 

The value of transition matrix element depends on kind 
of transition. For allowed El transition (g||A||e) ~ (d) ~ 
eao, for allowed Ml transition (g||A||e) ~ (/i) ~ a{d). 
For strongly forbidden Ml transition in electric field 
dominant contribution to the angle of rotation gives the 
Stark-induced El transition. Its amplitude can be esti- 
mated as (g||^4||e) ~ (d) 2 E Z /AE where AE is the typi- 
cal difference between the opposite parity levels in atom. 
For transition 6S1/2 — > 7S\/2 in Cs and experimentally 
accessible strength of electric field E ~ 10 3 — 10 4 V/cm, 
value of (d) E Z /AE ~ 1(T 3 - 1CT 4 . Here E z is the elec- 
tric field strength, e is the electron charge, do is the Bohr 
radius, AE ~ Ry is the typical difference between the 
energy levels of the opposite parity states, Ry — 13.6eV 
is the Rydberg energy constant, a ~ 1/137 is the fine 
structure constant. 

The numerator of (^) has the same order of mag- 
nitude for all kinds of transitions considered above: 
< 5 ||d PT ||e)A 1 £;- (df(H T ) (d)E z /(AE) 2 . Now we can 
estimate the angle of polarization plane rotation per ab- 
sorption length. 

For allowed El transition 



(t>{L abs ) 



(H T ) (d) E z 
AE AE 



(33) 



where (Ht) is the typical value of matrix element of PT 
- odd Hamiltonian. 

The angle of rotation per absorption length near al- 
lowed Ml transition is larger than in El case 



(Ht) (d)E z 
a 2 AE AE 



(34) 



The largest value of angle of rotation per absorption 
length can be observed near strongly forbidden Ml tran- 
sition because the absorption of light is the lowest in this 
case 



(t>{L abs ) 



(H T ) AE 
AE (d)E z 



(35) 



It is interesting to compare these estimates with angle 
of rotation of polarization plane caused by nonzero EDM 
of atom. In the absence of hyperfine structure the angle 
of rotation per absorption length can be estimated using 
( p8| ) and (|3l|) as follows 



4>EDM(L a bs) 



1 



E Z S Og 



m 9 

d a tE z 



1) f Ad 8u 
(d) E z (H T ) 
AE ' 



(36) 



where d at ~ (d)(H T )/AE is the EDM of atom, A D ~ 
(1CT 5 ~ 1(T 6 )A£; is the Doppler line width. The value 
tyiLabs) here does not depend on transition amplitude 
(<7||vl||e) and has the same order of magnitude for all 
kinds of transition considered above. 

For allowed El transition <j)(L abs )/^ E DM(Labs) ~ 
Ar>/AE << 1 and dominant contribution to the angle 
of P-, T-odd polarization plane rotation gives the level 
splitting caused by atomic EDM. 

Near allowed Ml transition 4>(L a bs) / ' 4>EDM(L a bs) ~ 
Ad I a 2 AE ~ 1 and both mechanisms contribute compa- 
rably. 

Near the strongly forbidden Ml transition 
<l>(Labs)/<pEDM(L a b s ) - A D AE/((d) E z ) 2 » 1 and the 
interference of P— , T-odd and Stark-induced transition 
contributes the most to the angle of polarization plane 
rotation. 



VI. P AND T - ODD INTERACTIONS IN ATOM 

Several mechanisms can induce the violation of P- and 
T- invariance in atom. According to [^5[ they are: P-, 
T- odd weak interactions of electron and nucleon, inter- 
action of electric dipole moment of electron with electric 
field inside atom, interaction of electrons with electric 
dipole and magnetic quadrupole moments of nucleus and 
P-, T-odd electron-electron interaction. 

We consider effects that according to |15| give the 
dominant contribution in our case: P-, T-odd electron- 



nucleon interaction and interaction of electron EDM with 
electric field inside atom. 

According to |l5|,|l9],^0| Hamiltonian of T- violating in- 
teraction between electron and hadron has the form: 



G 

H T = C s —=(ei"f 5 e)(nn) 
v2 



G 

C t —^(ei'y 5 a l/tv e)(na fl ' J n) 
v2 

(37) 

where G = 1.055 ■ 10~ 5 to~ 2 is the Fermi constant, m p 
is the proton mass, e and n are the electron and hadron 
field operators respectively, C s and C t are the dimension- 
less constants characterizing the strength of T-violating 
interactions relatively to T-conserving weak interaction. 
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The first term in ([37|) describes scalar hadronic current 
coupling with pseudoscalar electronic current, and the 
second one describes tensor hadronic current coupling 
with the pseudotensor electronic current. 

Matrix element of T - odd Hamiltonian according to 
[fill is equal to 



(s 1/2 \\Ht\\pi/2) = 



Gm 2 e a 2 Z 2 R Ry 



2y/2ir y/i 



■2-yC s A (38) 



where m e is the electron mass, i/j is the effective principal 
quantum number of state i, A is the atomic number, 7 = 
V (j + 1/2) 2 — Z 2 a 2 and j is the total angular moment 
of atom. The "relativistic enhancement factor" R is given 
by 



R 



2-27 



(a /2Zr ) 

: r 2 (2 7 + i) 



Here r = A 1 / 3 1.2 ■ 10" cm is the approximate nuclear 
radius. For cesium R = 2.8. We neglect tensor part of 
interaction for simplicity. 

Hamiltonian of interaction of electron EDM and elec- 
tric field inside atom that mix opposite parity atomic 
states has the form [fsl 



where 



o k 
a k I ' 



(39) 



(40) 



<Jk are the Pauli matrices, E k is the electric field strength 
acting upon electron k. If summation in ( |39| ) is performed 
over one valence electron and electric field strength near 
the nucleus approximately equals E = Zar/r 3 , matrix 
element of operator Hd can be written as follows Ga| 



(j,l = j+l/2\\H d \\j,l'=j-l/2) 

A(Za) 3 



7 (4 7 2-l)( lw ,) 3 / 2 a2 
where I and V are the orbital angular moments. 



(41) 



VII. ESTIMATES FOR 6S 1/2 -> 7S 1/2 CESIUM 
TRANSITION 

Let us estimate P-, T-odd rotation of polarization 
plane for highly forbidden Ml transition 6si/ 2 —> 7si/2 
in cesium. The scheme of cesium energy levels is shown 
in Fig. 2. 



A. Rotation of polarization plane of light due to 
electron nucleon interactions 

The P and T odd electron nucleon interactions mix s 
and p states of cesium. Since the El transition ampli- 
tudes 6s — * np and 7s — * n'p are negligibly small when 
n > 6 and n' > 7 [15) we should take into account only 
admixture of 6pi / 2 and 7p\/2 states. Using Eq. ( |l4| ) and 
matrix element (|38|) one can represent the wave functions 
perturbed by P and T noninvariant electron-nucleon in- 
teraction as follows: 



1 6s 



1/2/ 



17s 



1/2/ 



|6s 1/2 



|7*i/a) 



10" 



N 



x(1.17|6p 1/2 )+0.34|7 Pl/2 )) 



10" 



'N " 



x(0.87|6p 1/2 )-1.33|7p 1/2 )), (42) 

Where N is the number of neutrons in atomic nu- 
cleus. Using Eq. ( |l4]) and values of radial integrals 
P| p(6si /2 ,6p 1/2 ) = -5.535, p(7s 1/2 ,6p 1/2 ) = 5.45, 
p(7si/ 2 , 7pi/ 2 ) = —12.30 we obtain reduced matrix el- 
ement of PT - odd El transition 



<6s 1/2 ||d PT ||7s 1/2 ) = 1.27- 10- 10 |e|a a 



The matrix element of Stark-induced 6s 



transition in cesium is usually written as 



US] 



/2 



(43) 

7S1/2 



(6s 1 / 2 ,TO / |d l t |7s 1 / 2 ,m) = aEi5 mm > + if3e i:jk E : j{m'\a k \'m) 

where m and m' are the magnetic quantum numbers of 
ground and excited states of cesium, Ei is the electric 
field strength, a and j3 are the scalar and vector transition 
polarizability (see also (|25|)). The value of A 1 introduced 
in ( p8| ) can be expressed for cesium via the vector tran- 
sition polarizability as follows: Ai = —2«/%(3E. Value of 
f3 is well known from theoretical calculations |E| as well 
as from experiment [p3| . According to |22| it is equal to 

a- 



27.0ag. Therefore 



A 1 = -1.81 • 10" 8 |e|a £;(U/cm) 



(44) 



Suppose temperature is T = 750AT. Then pressure of 
Cs vapor is p = 10 kPa p3, concentration of atoms is 
N = 10 18 cto -3 and Doppler line width is Ad/ujq = 10 -6 . 

For transition between hyperfine levels F g = 4 — > F e = 
4 coefficient K 2 in formula ( p^ ) is maximal (K 2 = 15/8). 

Suppose detuning A ~ Ad, then v = T/2Ad — 0.1 
and / w 1, g » 0.7. Absorption length in longitudinal 
electric field E — 10 4 V/cm is equal to L a b s = 7m. 

As a result angle of PT noninvariant rotation of polar- 
ization plane is 

|0| = 1.0- 10- 13 C S IE. 

The optimal signal to noise ratio is achieved when I = 
2L a bs |[5| ■ The best limit on the parameters of electron- 
nucleon interaction C s < 4 • 10~ 7 was set in Cor- 
responding limit to the angle of rotation of polarization 
plane is \<j>\ < 0.5 • 10 -12 rad. 
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B. Rotation of polarization plane of light due to 

cesium EDM 

Using wave functions ( J42] ) we can obtain EDM in 6si/ 2 
and lsi/2 states of Cs 

d 6si/2 = -1.35- Hr 10 C s |e|a 

d 7si/2 = -4.39- 10- 10 C s |e|a . 

As a result, expression (|3l]) yields the angle of polariza- 
tion plane rotation due to level splitting in electric field 

|0i | = 1.4 • l(T 24 ZC s ^(v/cm) < 8 ■ 1(T 16 

and the angle of rotation due to hyperfine levels mixing 

|<fe| = 2.1 • lQ- 24 lC s E 3 z {V/cm) < 1.2 • 1(T 15 . 

(We assume here that for detuning A ~ A^> functions 
g(u,v) ~ 0.7, dg(u,v)/du ~ 1.1). These angles are 
three orders of magnitude lower than angle of polariza- 
tion plane rotation arising from interference of Stark- 
induced and P-, T- noninvariant transition amplitudes. 

C. Rotation of polarization plane of light due to 

electron EDM 

If the PT noninvariant interaction in atom is induced 
by interaction of electron EDM with the electric field of 
nucleus then using ( O ) and (El]) one can represent the 
wave functions of 6s and 7s states of cesium as follows 

|6s 1/2 ) = |6s 1/2 ) 

-(35|6p 1/2 ) + 10.5|7 Pl/2 )K/(ea ) 
|7s 1/2 ) = |7s 1/2 ) 

+(27.7|6pi /2 ) - 36.2|7p 1/2 )d e /(ea ) (45) 

Using Eq. (EJ|) we can obtain reduced matrix element of 
electric dipole transitions between 6si/ 2 and 7si/ 2 states 

(6s 1/2 \\d PT \\7s 1/2 ) =-72d e (46) 

and electric dipole moment of cesium in ground state 
c?6s 1/2 and excited state d 7si/2 

d 6si/2 = 131d e 

d 7si/2 = 4004, (47) 

where d e is the electron EDM. 

As we mentioned before, two effects induce T - non- 
invariant rotation of polarization plane in electric field. 
The first of them is the interference of PT - odd and Stark 
induced transition amplitudes and the second is the in- 
teraction of atomic EDM with electric field. After substi- 
tution of ( f46| ) to (^8|) one can obtain the angle of rotation 



arising from interference of amplitudes \<p\ < 0.6 ■ 10~ 12 
in the same experimental conditions as before. 

Rotation caused by atomic EDM is a sum of two con- 
tributions. Using the first term in ( j3l"l) and ( f47j) one can 
obtain the angle of rotation induced by splitting of mag- 
netic sub-levels in electric field \4>i\ < 1.3 • 10~ 15 . The 
mix of hyperfine components (second term in Eq. (pl|)) 
gives the contribution |0 2 | < 2 • 10~ 15 . 

For estimates we use experimental limit on electron 
EDM from § \d e \ < 4 • 10~ 27 |e| cm. We should note 
that estimates of rotation angle for electron-nucleon T— 
noninvariant weak interactions and electron EDM give 
close values. 



VIII. CONCLUSION 

In the present article we have considered phenomenon 
of rotation of polarization plane of light in gas placed in 
electric field. Calculations of angle of polarization plane 
rotation are performed for 6Si/ 2 — > 7Si/ 2 transition in 
atomic cesium. Two mechanisms of effect are considered. 
They are: 

1. Light polarization plane rotation caused by the 
pseudo-Zeeman splitting of atomic levels in atoms 
with nonzero EDM in electric field 

2. Light polarization plane rotation due to interfer- 
ence of PT - odd and Stark-induced transition am- 
plitudes 0-|l|. 

Both of them can be induced by PT noninvariant inter- 
action between electrons and atomic nucleus and by in- 
teraction of electron EDM with electric field inside atom. 

For the highly forbidden Ml transition 6<Si/ 2 — ► 7<Si/ 2 
in cesium we can expect the angle of polarization plane 
rotation per absorption length due to PT - odd atomic 
polarizability f3^J x about |</>| < 10 -12 . The rotation in- 
duced by atomic EDM for this transition is three orders 
of magnitude smaller. 

Angle of polarization plane rotation can be signifi- 
cantly greater for other atoms, for example, for rare-earth 
elements, where additional amplification arises from close 
levels of opposite parity. 

The simplest experimental scheme to observe pseudo- 
Faraday rotation of polarization plane of light in electric 
field includes a cell with atomic gas placed in the electric 
field and sensitive polarimeter. In case of large absorp- 
tion length one can place this cell in resonator or delay 
line optical cavity to reduce the size of experimental setup 
(see e. q. p5[). 

Several schemes are proposed to increase the sensitivity 
of measurements. One of them is based on the nonlinear 
magneto-optic effect (NMOE) [|]jl(]]. Since the change 
of rotation angle with the change of applied field in this 
case is several orders of magnitude larger than in the 
traditional scheme, sensitivity of this kind of experiment 
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can be very high. The authors of M] expect to achieve 
the sensitivity for the cesium EDM \dc s \ < 10 _26 |e| cm. 
The corresponding limit for the electron EDM is \d e \ < 
lCr 28 |e| cm. 

The method of measurement of polarization plane rota- 
tion proposed in fll|-|l3| probably can provide even higher 
sensitivity. This method is based on observation of evolu- 
tion of polarization of light in a a cell with atomic vapor 
and amplifying media placed in a resonator. Accord- 
ing to |TJ-[l3|] the compensation of absorption of light 
in a cell allows to increase the observed angle of polar- 
ization plane rotation and, according to estimates [ jl2| , 
allows to increase the sensitivity for electron EDM up to 
\d e \ < lCT 30 |e| cm. 

Therefore we can hope that experimental measurement 
of described phenomenon can provide sensitivity for pa- 
rameters of ,T— noninvariant interactions between 
electron and nucleus and electron EDM, comparable or 
even higher than current atomic EDM experiments. 
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FIG. 1. Vector field 4n(nE) — 2E. Vectors on figure shows 
direction of atomic spin in Si/% state if we take into account 
admixture of P\i% state due to PT noninvariant interactions 
and external electric field. 
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FIG. 2. Scheme of cesium energy levels. Energy of atomic 
levels is given in cm~ . 
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